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OVERVIEW 

It was  long recognized t h a t  i t  was  t h e o r e t i c a l l y  poss ib le  t o  ac- 
celerate a beam i n  t h e  AGS using a "programmed r f  function;" t h e  problem 
was lack  of need and i n s u f f i c i e n t  l e v e l  of technology. The advent of 
cheap but powerful microprocessors and t h e  development of d i g i t a l l y  pro- 
gramed,  phased locked, frequency synthes izers  has r ecen t ly  provided the  
needed technology; t h e  HITL pro jec t  provided the  impetus t o  change from 
our t r a d i t i o n a l  "bootstrapped" r f  so lu t ion  t o  a "programmed" approach. 

Refined over a twenty year period, t he  "bootstrapped" method i s  an 
exce l len t  so lu t ion  t o  our h i s t o r i c a l  mission, but the  need t o  accelerate 
various ion  species with wide v a r i a t i o n s  i n  beam i n t e n s i t y  demanded a new 
so lu t ion  which would give both a s t a b l e  and a f l e x i b l e  answer t o  r f  beam 
control.  

Assigned t h e  development of a new low l e v e l  r f  system capable of 
acce le ra t ing  a wide d i v e r s i t y  of p a r t i c l e  types ,  over a l a r g e  range of 
beam i n t e n s i t i e s  without t he  need f o r  beam generated pos i t ion  o r  phase 
information feedback, we were forced t o  use t h i s  newly ava i l ab le  tech- 
nology. The se lec ted  approach required t h e  design and construction of 
various novel subsystems including a dual processor computerized device 
c o n t r o l l e r ,  a frequency synthes izer  based s igna l  generator with both 
d i g i t a l  and analog d r iv ing  func t ions ,  op t iona l  phase and pos i t ion  feed- 
back and a " learn  mode" analyzer f o r  "open loop" operation. 
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THEORY OF OPERATION 

Acceleration i s  ca r r i ed  out v i a  two types of rf cav i t i e s .  There are 
10 high frequency c a v i t i e s  which sweep from 2.5 t o  4.5 mHz f o r  both 
protons and heavy ions ,  and one low frequency cav i ty  which sweeps from .5 
t o  2.5 &z. 

The r f  frequency range corresponds t o  t h e  12th harmonic of t h e  revo- 
l u t i o n  r a t e  of t h e  beam about t h e  AGS circumference. 

The beam's performance i s  determined by t h e  func t iona l  r e l a t ionsh ip  
which exists between magnetic f i e l d ,  gap v o l t s  and r f  frequency/phase. 

Siemens' cont ro l  determines t h e  magnetic cycle; a set of values f o r  
f i e l d  i s  obtained from t h e  main r i n g  magnets v i a  a Gauss clock. The r f  
must follow these  Gauss clock values,  so  one of t h e  microprocessors i s  
used t o  r e t r i e v e  from common memory a l a rge  t a b l e  of frequency values 
corresponding t o  se lec ted  values of t h e  Siemens' derived Gauss clock 
(number of t i c k s ) .  

These values are sent  t o  a frequency synthes izer  which generates t h e  
a c t u a l  r f  d r ive  s igna l s .  

The p a r t i c u l a r  synthes izer  was  s e l ec t ed  because i t  had a phase con- 
t inuous mode; unfortunately t h i s  device lacks  capab i l i t y  beyond 3 mHz. 

Therefore, a frequency doubler s t age  was  introduced t o  provide the  .5 t o  
4.5 mHz output range required. 
switches and delay needed f o r  t h e  t r a n s i t i o n  jump. 

The doubler module a l s o  contains t h e  r f  

The computer c i r c u i t r y  i s  asked t o  output some s i x  bytes of informa- 
t i o n  f o r  each f i e l d  se l ec t ed  frequency point. It can do t h i s  i n  some 10 
microseconds. Di rec t ly  supporting t h e  se lec ted  frequency point are th ree  
bytes. Two addi t iona l  bytes provide mode se l ec t ion  and Gauss clock count- 
down values and loop switching information requi res  one byte. Six bytes 
are a l s o  readback by each computed Gauss clock event. These include t h e  
corrected frequency point ( 3  bytes) ,  command s t a t u s  information (one 

byte,  e.g. loops open/closed) and an ava i l ab le  analog input channel ( 2  
bytes).  
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Since the  learn mode r e q u i r e s  t h a t  both a frequency poin t  be inputed 
and outputed f o r  every Gauss c lock s t e p ,  t h e  maximum update rate obtain-  
ab le  is  j u s t  under 50 kHz. As  t he  maximum Gauss clock ra te  can reach 117 
kHz, a d iv ide  by power of N c i r c u i t  i s  provided t o  s h i f t  gears  much as a 
c a r  does. 

. 
The frequency s t e p  s i z e  provided by each s to red  va lue  varies as a 

func t ion  of machine f i e l d .  A t  i n j e c t i o n  f o r  heavy ions it i s  t y p i c a l l y  1 
kHz. The h igh  f i e l d  s t e p s  are l imi t ed  t o  t h e  2 cyc le  r e s o l u t i o n  provided 
by t h e  syn thes i ze r  and a t t ached  doubler.  
a l . )  t h a t  a "safe" jump w a s  bout 75 cyc le s  a t  i n j e c t i o n ,  i t  w a s  decided 
t o  incorpora te  a frequency i n t e r p o l a t o r  c i r c u i t .  
of t h e  i n t e r v a l  between two computer generated s t e p s  a t  a ra te  which 
" f i l l s  in" t h e  coa r se r  generated s t a i r c a s e .  

Since it  was be l ieved  (Raka e t  

This c i r c u i t  adds 1/16 

An a l t e r n a t e  approach which would s t o r e  more s t e p s  w a s  judged t o  be 
more l imi t ed  i n  ra te  and t o  r e q u i r e  an insuppor tab le  amount of s to red  
memory d a t a .  The s i z e  of t h e  present  t a b l e ( s )  i s  a l ready  some 350,000 
by te s  each. 

The second microprocessor i s  used as a network l i n k  i n t o  the  c e n t r a l  
c o n t r o l  complex. 
frequency t a b l e s  from a shor t  set of downloaded parameters;  it a l s o  col-  
lects s t a t u s  information f o r  a n a l y s i s  of performance and maintenance 
purposes. 

This  device  c o n t r o l l e r  can c a l c u l a t e  t h e  requi red  

I f  t h i s  complexity wasn't  enough, t h e r e  are several analog and 
d i g i t a l  s i g n a l s  which must be recognized as modi f ie rs  and switches needed 
f o r  beam con t ro l .  The d i g i t a l  s i g n a l s  were r e l a t i v e l y  easy t o  implement, 
bu t  t h e  analog co r rec t ions  requi red  the  a d d i t i o n  of a high speed (5  mHz 
max  r a t e )  analog t o  d i g i t a l  conver te r  whose output  must be summed wi th  
t h e  computer generated va lues  and t h e  i n t e r p o l a t o r  generated s t e p s  i n t o  a 
s i n g l e  va lue  with which t o  feed t h e  frequency sys thes i ze r .  

A s  with a l l  e l e c t r o n i c s ,  t he  s e l e c t e d  syn thes i ze r  has  qu i rks  of i t s  
own which r e q u i r e  s e v e r a l  l a y e r s  of code conver te rs  and adders  t o  
overcome. 

The end r e s u l t  i s  a system with cons iderable  fundamental m e r i t ,  bu t  
a l s o  one which w a s  complicated and d i f f i c u l t  t o  implement. 



.. .' . 

- 4 -  

NOTE: 
t o  t h e  AGS Low Level r f  System" ed i t ed  by D. Pope, with the  fol lowing 
l i s t  of con t r ibu to r s :  D. Barton, M. D'Azzo, R. Prankel ,  M. Iwantschuk, 
V. Kovarik, B. Oerter, A. O t i s ,  M. P r i t s k e r ,  P. Rosas, R. Wankentien. 

Some of t h e  preceding material was taken from an "Operations Guide 

STATUS 

An ope ra t iona l  model of t he  system exis ts  along with a l imi t ed  set  
of spare  p a r t s .  A b a s i c a l l y  sound sof tware program e x i s t s  at  both the  
device c o n t r o l l e r  and hos t  level f o r  opera t ion  usage. 

RECOMMENDATIONS 

I. Mechanical Assembly I s s u e s  

A s  b u i l t ,  t he  e x i s t i n g  LLRF system is  a mix of mult ibus computer 
boards,  Eurocard s i zed  i n t e r f a c e  c i r c u i t r y  and N I M  analog modules, housed 
and interconnected us ing  LEMO, BNC, Ribbon and N I M  connectors arranged i n  
N I M  c r a t e s ,  computer c h a s s i s  and Eurocard cages. This  design i s  a r e l i c  
of t h e  way t h e  d i f f e r e n t  p r o j e c t  subgroups each worked on t h e i r  design 
assignments.  

There are seve ra l  grave weaknesses a s soc ia t ed  with t h i s  cons t ruc t ion  
There are many more connectors and connections than  i s  s t r i c t 1  approach. 

necessary.  The usage of packages is not  matched t o  t h e i r  a p p l i c a t i o n  andy 
cons t ruc t ion  techniques f o r  d i g i t a l  c i r c u i t s  are not always t h e  b e s t  ones 
f o r  analog c i r c u i t s ,  e tc .  

The e x i s t i n g  system i s  prone t o  f a i l u r e  because of t he  l a r g e  number 
of connectors used, the  l i n e  d r i v e r s  requi red  by these  in te rconnec t ions ,  
and because the  c i r c u i t s  themselves are a mix of p r in t ed  c i r c u i t s ,  w i r e -  
wrap and hand so ldered  cons t ruc t ion ,  many of which have been heav i ly  
reworked. 
modular i ty  i s  not co inc ident  wi th  c i r c u i t  f u n c t i o n a l i t y  . 

The system is  a l s o  hard t o  " t rouble  shoot" because c i r c u i t  

The ind iv idua l  c i r c u i t  s e c t i o n s  are not arranged i n  l o g i c a l  groups,  
t h e r e f o r e  most module f a i l u r e s  cannot be i s o l a t e d .  A redes ign  of system 
modular i ty  should be made t o  c o r r e c t  t h i s  problem. 



- 5 -  

While the re  are some usefu l  d i sp l ays ,  more test poin ts  and ind ica to r  
l i g h t s  are needed f o r  rapid performance evaluation and repa i r .  

The use of power suppl ies  is  fragmented; t he re  are probably more 
Higher r e l i a b i l i t y  can be u n i t s  than necessary f o r  the  t a sk  a t  hand. 

achieved by t h e  elimination of some u n i t s  and t h e  rearrangement of o thers .  
Perhaps a few l a rge ,  high power u n i t s  might be b e t t e r .  

A l l  equipment i n  t h e  mezzanine work area, including the  AGS and r f  
ampl i f ie r  modules, should be t r ea t ed  as a uni f ied  low l e v e l  r f  package. 
After a l l ,  t h e  beam i s  down j u s t  as badly whether a f a i l u r e  is  i n  t h e  
con t ro l l i ng  computer o r  a l i n e  d r i v e  r f  amplifier.  

111. Ava i l ab i l i t y  I ssues  

As an operation f a c i l i t y  of considerable importance and complexity, 
t h e  only way t o  guarantee s u f f i c i e n t  a v a i l a b i l i t y ,  up t i m e ,  is  t o  have 
TWO complete systems and a s c a t t e r i n g  of spare pa r t s .  Thus, any non- 
t r i v i a l  system f a i l u r e  can be overcome by switching t o  the  backup system. 
The f a i l e d  system can then be repaired of f - l ine  using the  spare p a r t s  
inventory. Because systems of t h i s  class are so complex t h a t  they cannot 
be repaired with bas i c  t o o l s  and test instruments, one needs a complete 
system as both a spare  and as a test set. 

IV . Low Level r f  Lab and Maintenance Area 

A good idea  would be t o  convert t h e  cu r ren t ly  unused work area on 
t h e  mezzanine f l o o r  t o  a low level r f  l a b  and r e p a i r  depot. The t h i r d  
and remaining room on t h i s  f l o o r  can be used as temporary o f f i c e  space by 
ind iv idua ls  working on 1 l r f  problems. 

V. Training and Documentation 

Several technicians should be t ra ined  i n  t h e  operation , maintenance 
and r epa i r  of t he  new low l e v e l  r f  system. A t  least one engineer should 
be selected as the  systems engineer f o r  t h i s  f a c i l i t y .  H i s / H e r  t r a i n i n g  
must include the use AND generation of test  programs. 
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Documentation should be completed. It should include schematics , 
opera t ion  descr ip t ions ,  photographs of ex terna l  and i n t e r n a l  s igna l s ,  as 
w e l l  as programs (operational and d iagnos t ic )  i n  both paper and media 
format. 

V I .  Software Changes 

Beyond those changes ca l led  f o r  by hardware redesign, there  i s  a 
need f o r  improved operation and maintenance programs. This is  not t o  say 
t h a t  the present programs are inadequate, but to i nd ica t e  a f u r t h e r  need 
t o  explo i t  t he  equipment constructed and t o  allow repa i r .  

V I I .  Necessary Design Changes and Improvements 

1. The ex i s t ing  low l e v e l  r f  system now w i l l  only run e f f e c t i v e l y  
i n  closed beam loop mode. 
of phase and pos i t ion  cont ro l  which would allow operation without a beam 
s igna l .  The information f o r  t h i s  ad jus tor  could be obtained from any o r  
a l l  of the  following s igna ls :  BEAM, Magnet Current, r f  gap voltage. 

We must develop and design a l t e r n a t e  methods 

In t e r f ace  of t h i s  information could be at the  s igna l  summer t o  
t h e  frequency synthesizer or  v i a  a phase cor rec tor  located at the  fre- 
quency synthesizer output. The f i n a l  choice should be made a f t e r  a 
review of our recent  run and cur ren t  CERN r e s u l t s .  

2. It has already been determined t h a t  co r rec t  operation of t h e  
r a d i a l  loop, and of t h e  phase loop, is  coupled t o  the  n e t  t i m e  delay 
through t h e  ana log/d ig i ta l  and frequency synthes izer  c i r c u i t r y .  This 
de lay  i s  now estimated t o  be 11 microseconds when a l l  r f  delays are 
included. Such a delay i s  acceptable,  but performance i n  closed loop 
mode may be improved by reduction. 

The sampling rate of the  analog loop system should be raised t o  
t h e  maximum obtainable. Converted analog and in t e rpo la t ion  information 
should be inserted i n t o  the  frequency determining r e g i s t e r  i n  t h e  co r rec t  
order f o r  minimal "g l i tch"  generation. One should attempt t o  raise loop 
response and reduce loop delays t o  t h e  bes t  l e v e l  possible.  
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3 .  The present design provides a f ixed ,  not remote cont ro l lab le ,  
delay f o r  phase t r ans i t i on .  
b e t t e r  design, one t h a t  supports ad jus tab le  phase back f o r  ex terna l  beam 
optimization. 

It i s  d e s i r a b l e  and possibly necessary f o r  a 

4 .  The question of whether t o  have an. i n t e rpo la to r  c i r c u i t ,  t h e  
bes t  l oca t ion  f o r  such as c i r c u i t  and what rate t o  run i t s  clock r e l a t i v e  
t o  t h e  gauss s t eps ,  should be reviewed. 

5. What i s  t h e  bes t  loca t ion  fo r  t he  phase input sensor? Should 
w e  be using a PUE o r  a cur ren t  transformer? 

6 .  What is  t h e  bes t  choice of phase de t ec to r  c i r c u i t s ,  center-of- 
mass, o r  perhaps zero crossing? What i s  the  bes t  choice of l i m i t e r  cir- 
c u i t  and where should t h a t  c i r c u i t  be in se r t ed?  Where should the  gain of 
t he  pickup e lec t rode  amplifier be in se r t ed?  
de t ec to r  t h a t  n u l l s  a t  Q! or  90 degrees? 
of t h e  phase de tec tor :  180 or  360 degrees? 

Should one use a phase 
Of  some importance i s  t h e  range 

7. Reduction of frequency doubler d i s t o r t i o n  may give improved 
performance. 
reduction i n  required de tec to r  range? 

W i l l  a phase inversion a t  the  doublers output r e s u l t  i n  a 

8. The "learn" c i r c u i t r y  has ye t  t o  be checked., The proper 
usage f o r  t h i s  mode has t o  be established. 

9. The general purpose analog input channel was never completed; 
t h i s  work must be done. 

10. The aux i l i a ry  low l e v e l  r f  needs monitor improvements r e l a t ed  
t o  function generator rates and memory s i ze .  
plexer ( r f  u n i t )  needs clean-up and operational t e s t ing .  

The analog s igna l  multi- 

CONCLUSIONS 

W e  now have an opera t iona l  model of a computer dr iven  low l e v e l  r f  
Based upon information and lessons learned during the  recent ly  system. 

concluded heavy ion beam commissioning s t u d i e s ,  a pro jec t  should now 
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begin t o  design a p a i r  of de l ive rab le  systems which w i l l  be constructed 
t o  be e l ec t ron ica l ly  and mechanically "clean" and thus capable of long 
se rv ice  l i f e ,  as w e l l  as being e a s i l y  and rap id ly  repaired.  

The materials cost  f o r  t h i s  e f f o r t ,  two new and complete l l r f  sys- 
t e m s ,  i s  less than $10,000. 
of more concern. A t  least 12 man-months w i l l  be needed t o  achieve t h i s  
goal. Training, maintenance and the  generation of d iagnos t ic  programs 
w i l l  r equi re  an addi t iona l  l e v e l  of e f f o r t  of 0.5 man-years of engineer- 
i ng  and 0.5 man-years of technician resources during the  f i r s t  year of 
operation, and a t o t a l  of 0.5 man-years per year t he rea f t e r .  

The manpower t o  construct the  new systems i s  

This pro jec t  should conclude with equipment operational f o r  both 
open and closed loop operation and f o r  both proton and H I  applications.  
Success must be defined t o  include PULL documentation f o r  operations 
release and spare arts f o r  minimal down t i m e  and rapid r epa i r  of 
malfunctions. 

I would l i k e  t o  take t h i s  opportunity t o  thank those whose e f f o r t s  
contributed t o  the  success of t h e  low level t a sk  force.  It was  an e f f o r t  
which showed the  AGS Department a t  i t s  bes t  and a l l  involved should be 
proud of t h e i r  performance. 

Special  mention must go to :  

L. Ahrens D. Barton M. D'AZZO E. G i l l  
M. Iwantschuk V. Kovarik S .  Naase B. Oerter 
A. O t i s  D. Pope M. P r i t s k e r  E. Raka 
P. Rosas R. Sanders J. Skelly A. Soukas 
A. Stevens T. Ta l l e r i co  R. Wankentier J. Woods 
A. Zaltsman 
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